Molecular dynamics simulations of the protein chymotrypsin inhibitor 2 in 8 M urea at 60°C were undertaken to investigate the molecular basis of chemical denaturation. The protein unfolded rapidly under these conditions, but it retained its native structure in a control simulation in water at the same temperature. The overall process of unfolding in urea was similar to that observed in thermal denaturation simulations above the protein's T m of 75°C. The first step in unfolding was expansion of the hydrophobic core. Then, the core was solvated by water and later by urea. The denatured structures in both urea and at high temperature contained residual native helical structure, whereas the ␤-structure was completely disrupted. The average residence time for urea around hydrophilic groups was six times greater than around hydrophobic residues and in all cases greater than the corresponding water residence times. Water self-diffusion was reduced 40% in 8 M urea. Urea altered water structure and dynamics, thereby diminishing the hydrophobic effect and encouraging solvation of hydrophobic groups. In addition, through urea's weakening of water structure, water became free to compete with intraprotein interactions. Urea also interacted directly with polar residues and the peptide backbone, thereby stabilizing nonnative conformations. These simulations suggest that urea denatures proteins via both direct and indirect mechanisms. S mall organic molecules in aqueous solution can have profound effects on protein stability, structure, and function. The use of these solutions to stabilize or destabilize proteins, depending on the cosolvent, is commonplace. In fact, protein studies are conducted almost exclusively in complex solutions. Chemical denaturation, with an agent such as urea, is one of the primary ways to assess protein stability, the effects of mutations on stability, and protein unfolding (1). Despite its widespread use, the molecular basis for urea's ability to denature proteins remains unknown. Urea may exert its effect directly, by binding to the protein, or indirectly, by altering the solvent environment (2-20). Most versions of the direct interaction model posit that urea binds to, and stabilizes, the denatured state (D), thereby favoring unfolding. But this interpretation does not explain how the protein surmounts the kinetic barrier to unfolding. In this regard, urea could bind to the protein and compete with native interactions, thereby actively participating in the unfolding process. Alternatively, it has been proposed that urea acts indirectly by altering the solvent environment, thereby mitigating the hydrophobic effect and facilitating the exposure of residues in the hydrophobic core. It is also possible that the mechanism of urea-promoted unfolding depends on the urea concentration. Unfortunately, it seems unlikely that experimental approaches will provide the molecular details of how urea denatures proteins, so we are employing atomic-resolution molecular dynamics (MD) simulations to address this issue.
Molecular dynamics simulations of the protein chymotrypsin inhibitor 2 in 8 M urea at 60°C were undertaken to investigate the molecular basis of chemical denaturation. The protein unfolded rapidly under these conditions, but it retained its native structure in a control simulation in water at the same temperature. The overall process of unfolding in urea was similar to that observed in thermal denaturation simulations above the protein's T m of 75°C. The first step in unfolding was expansion of the hydrophobic core. Then, the core was solvated by water and later by urea. The denatured structures in both urea and at high temperature contained residual native helical structure, whereas the ␤-structure was completely disrupted. The average residence time for urea around hydrophilic groups was six times greater than around hydrophobic residues and in all cases greater than the corresponding water residence times. Water self-diffusion was reduced 40% in 8 M urea. Urea altered water structure and dynamics, thereby diminishing the hydrophobic effect and encouraging solvation of hydrophobic groups. In addition, through urea's weakening of water structure, water became free to compete with intraprotein interactions. Urea also interacted directly with polar residues and the peptide backbone, thereby stabilizing nonnative conformations. These simulations suggest that urea denatures proteins via both direct and indirect mechanisms. S mall organic molecules in aqueous solution can have profound effects on protein stability, structure, and function. The use of these solutions to stabilize or destabilize proteins, depending on the cosolvent, is commonplace. In fact, protein studies are conducted almost exclusively in complex solutions. Chemical denaturation, with an agent such as urea, is one of the primary ways to assess protein stability, the effects of mutations on stability, and protein unfolding (1) . Despite its widespread use, the molecular basis for urea's ability to denature proteins remains unknown. Urea may exert its effect directly, by binding to the protein, or indirectly, by altering the solvent environment (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Most versions of the direct interaction model posit that urea binds to, and stabilizes, the denatured state (D), thereby favoring unfolding. But this interpretation does not explain how the protein surmounts the kinetic barrier to unfolding. In this regard, urea could bind to the protein and compete with native interactions, thereby actively participating in the unfolding process. Alternatively, it has been proposed that urea acts indirectly by altering the solvent environment, thereby mitigating the hydrophobic effect and facilitating the exposure of residues in the hydrophobic core. It is also possible that the mechanism of urea-promoted unfolding depends on the urea concentration. Unfortunately, it seems unlikely that experimental approaches will provide the molecular details of how urea denatures proteins, so we are employing atomic-resolution molecular dynamics (MD) simulations to address this issue.
The use of realistic cosolvents in MD simulations of proteins is uncommon. There have been few such studies reported to date: ubiquitin in 60% methanol (21) , barnase in 8 M urea (22, 23) , ␥-chymotrypsin in hexane (24) , and subtilisin in dimethyl formamide (25) . The first of these studies was able to demonstrate solvent-dependent conformational behavior, yielding a partially unfolded state of ubiquitin consistent with NMR studies under the same solvent conditions. The studies of barnase in urea aimed to address the basis of chemical denaturation, as we do here, but, unfortunately, their simulations were far too short (0.9-2 ns), even given the elevated temperature used (87°C), to denature the protein. The last two studies were different and, instead, contained a small number of waters and were nearly neat organic solvents, because the authors were addressing protein function in organic media. Thus, there is still a need for further investigation of urea's effect on proteins, and it is now possible to perform much longer simulations to view the entire unfoldingreaction coordinate.
In preparation for the simulations described here, we have addressed the effect of urea on water structure and dynamics, particularly around alkanes (26) and cyclic dipeptides (27) . Urea has little effect on water structure with respect to radial distribution functions (26) . Consequently, we used the number of hydrogen bonds per water molecule as a metric to distinguish the solutions and the strength of the hydrogen bond (28), because they can reveal subtle differences not seen in other ensembleaveraged properties. The number of hydrogen bonds per water is lower in the hydration shell of nonpolar molecules, such as octane, and these waters are restricted because of their efforts to maximize interactions with neighboring waters while minimizing interactions with hydrocarbon (26) .
Urea leads to a similar decrease in water-water interactions and hydrogen bond strength, as well as local ordering of water around urea's polar atoms, thereby lowering the penalty for exposure of nonpolar groups to solvent relative to pure water (27) . Interestingly, the number of hydrogen bonds per water fails to converge to a constant value until a radius of 6 Å from hydrocarbon or urea is reached. Thus, projection of the urea on the surrounding aqueous environment results in a 6 Å ''radius of influence.'' The sphere of influence is notable: at concentrations as low as 4 M, 76% of the water is in contact with at least one urea molecule. Thus, urea appears to better solubilize hydrophobic solutes by, in effect, perturbing water and thereby preloading the solvent to accept nonpolar groups by subtle disruption of water's preferred structure and reorientation of the waters around its polar atoms (27) . At higher concentrations, there are more direct interactions between the urea and solute. Therefore, our previous model studies suggest that urea acts both directly and indirectly on model compounds, but we do not know whether this is applicable to proteins.
To address the mechanism of urea denaturation of proteins, we have performed simulations of chymotrypsin inhibitor 2 (CI2) in 8 M urea. CI2 was chosen for this study because of the extensive amount of information available regarding its folding͞ unfolding behavior from both theoretical and experimental studies (29) . Previous simulation studies have focused on the unfolding pathway of thermal denaturation (30) (31) (32) (33) (34) (35) . Here, we describe simulations of CI2 in an 8 M urea solution and in pure water (control) at 60°C [which is below the T m of the protein (36) ], focusing on the unfolding process. The results are compared with its unfolding behavior at high temperature (125°C) in water (35) .
Methods
MD simulations were performed by using ENCAD (37) . The protocols and protein (38) , water (39) , and urea (27) potential functions have been described. The simulations began with the crystal structure of CI2 [1ypc (40) ]. The 125°C simulation in water has been described (35) .
A control trajectory of CI2 in pure water was prepared for MD by solvating the protein with water molecules extending at least 8 Å from any protein atom, yielding 2,596 waters. The box volume was adjusted to reproduce the experimental density of 0.983 g͞ml at 60°C (41) . Several steps were performed to further prepare the system for MD. First, water alone was minimized for 1,001 steps, followed by 1,001 steps of MD and another 1,001 steps of minimization. The protein then was subjected to 1,001 steps of minimization. Finally, the entire system was minimized for 1,001 steps. Production simulations then were performed. A nonbonded cutoff of 8 Å with smooth, force-shifted truncation was used, and the nonbonded list was updated every two to five steps. Periodic boundary conditions and the minimum image convention were used to reduce edge effects within the microcanonical ensemble. The simulations then were performed for 20 ns by using a 2-fs time step. Structures were saved every 0.2 ps for analysis, resulting in 100,000 structures for each simulation.
Urea systems (8 M; mole fraction of 0.186) were constructed by randomly replacing water molecules with urea, resulting in 2,103 waters and 493 urea molecules. The box volume was adjusted to give the experimental density for 60°C, 1.103 g͞ml (42) . Three independent 8 M urea simulations were performed: UR1, UR2, and UR3. These systems were prepared for MD by altering the preparatory protocol described above for CI2 in pure water to generate independent trajectories. The following changes were made: in UR1 2,001 (instead of 1,001) initial steps of minimization of the solvent system were performed; in UR2, 2,001 steps (instead of 1,001) of dynamics were performed on the solvent; and the UR3 simulation used the base protocol described above. Production MD simulations were performed as described above.
Results

Properties of the Protein in Different Solvent
Environments. Several global properties of CI2 and the solvent were monitored during the simulations. Comparison of the C␣ rms deviation (rmsd) for all of the trajectories reveals a striking contrast between CI2 in water and 8 M urea at 60°C (Fig. 1a) . The protein began to unfold within the first few nanoseconds in urea, resembling what occurred during thermal denaturation at 125°C (Fig. 1a) .
The nonpolar solvent-accessible surface area was greater in the urea simulations than in water (Fig. 1b) . The exposure of key residues (Ile-20, Leu-49, and Ile-57) in the hydrophobic core of CI2 is displayed in Fig. 2 . In each case, the core hydrophobic residues first were solvated by water and then by urea (Fig. 2) . The solvent-accessible surface areas of these key residues increased substantially in 8 M urea while they remained buried in the 60°C water simulation (Fig. 2) . Several groups of residues experienced significant increases in solvation over the first 2-3 ns in urea (Fig. 3) . Two of these groups define the upper edge of the hydrophobic core (residues 9-11 and 55-58), and they form key hydrogen bonds in the native state (N). Fig. 3 shows snapshots of several of these core residues being solvated between 0.2 and 8 ns of the UR3 simulation. The side chains of these hydrophobic edge residues were steadily solvated by water and then urea until the nonpolar, intraprotein interactions were completely screened by solvent. The main-chain hydrogen bond in this region between residues 11 and 57 provides an example of direct competition of stabilizing native interactions by solvent. This hydrogen bond was broken within Ϸ1 ns, and water and, eventually, urea molecules became the new hydrogen-bonding partners of these residues (Fig. 3) .
Properties of Water in Different Environments. Water self-diffusion was monitored to measure possible changes in solvent dynamics at high temperature and in the presence of urea. Water diffusion decreased slightly on addition of protein from 0.46 to 0.41 Å 2 ͞ps at 60°C, but it dropped dramatically in 8 M urea to 0.18 and 0.17 Å 2 ͞ps with and without CI2, respectively. For comparison, the experimental diffusion constant of water at this temperature is 0.47 Å 2 ͞ps (47), in good agreement with the value from MD (0.46). Residence times of solvent molecules around the protein surface also were monitored for polar and nonpolar groups. Urea residence times were uniformly longer than those of water. For example, for UR1, the average urea residence times were 25 ps around polar residues and 3.6 ps around nonpolar groups, and the complementary values for water were 2.8 and 2.6 ps, respectively.
The effect of urea on water is illustrated in Fig. 4 . Although the overall number of solvent hydrogen bonds was similar for CI2 in water and 8M urea, 1,818 and 1,956, respectively, there was a shift to longer hydrogen bonds in urea. Consequently, there was a drop in the number of strong (Յ1.8 Å) water-water hydrogen bonds by 136. These shifts led to weakening of water structure. Urea and water contacts also were monitored for key hydrophobic core residues throughout the simulations. As shown in Fig. 2 , when urea was in contact with a hydrophobic residue, water contacts also were present. Water and urea contacts increased around 2 ns (Fig. 2) , coinciding with passing through the transition state (TS). In general, water preceded urea in solvating the hydrophobic core. The number of water-protein hydrogen bonds increased Ϸ50% during the early stages of unfolding from the N to TS (Table 1 ). In contrast, the change in the number of urea-protein hydrogen bonds was more variable over this same time period. In one case (UR1), the number of urea-protein hydrogen bonds changed little from N to TS and, instead, increased later in unfolding after the secondary structure disintegrated. In the other two simulations, there was a greater number of urea-protein hydrogen bonds in the TS, particularly in UR3. Overall, 30-35% of the main-chain groups interacted with urea Ͼ40% of the time in the TS ensembles.
On average, the number of water-protein hydrogen bonds increased little in the process of going from TS to D (Table 1) . This result is due at least in part to the relative enrichment of urea at the protein surface; the ratio of water to urea in the first solvation shell was less than in bulk (3.6 vs. 4.2, based on 3 Å heavy atom contact distance). Overall, CI2 gained 50 hydrogen bonds with solvent in the N 3 D process and lost Ϸ25 intraprotein hydrogen bonds.
Solvent-Induced Conformational Properties. Fig. 5 contains snapshots of CI2 at various time points to illustrate the effects of urea on the overall fold of the protein. The structures from the unfolding simulations share some basic characteristics, such as a completely solvated hydrophobic core and the degree of disruption of the ␣-helix and ␤-sheet. Hydrophobic contacts between the helix and ␤-sheet were lost, allowing the core-defining residues Ala-16, Ile-20, Leu-49, and Ile-57 to become solvated (Figs. 2 and 3) , as well as Trp 5 (data not shown), the spectroscopic probe used experimentally to monitor unfolding. Helical structure was not completely lost in 8 M urea, although unwinding and refolding of the helix occurred (Fig. 5) . The ␤-structure, in contrast, was abolished. Overall, the conformational properties of CI2 in 8 M urea differed dramatically from that of the control simulation of CI2 in water at the same temperature, and, instead, they were similar to what was observed in the 125°C denaturation trajectory (Fig. 5) .
Discussion
Many studies have sought to explain the action of denaturants such as urea (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) 48 ). These studies suggest three possible mechanisms: (i) direct interactions of urea with the protein, particularly the D; (ii) indirect effects via perturbation of the solvent environment to favor solvation of the hydrophobic residues; and (iii) a combination of direct and indirect effects. MD simulations with appropriate solvent models can shed light on the atomic details of chemical denaturation by urea. Two groups in particular have used such an approach to study urea interactions with the enzyme barnase (22, 23) . Both of these studies focused on describing direct protein-urea interactions with the N of the protein, because the simulations were too short to observe unfolding. In addition, although their results were in general agreement, they did not address possible indirect effects of urea through analysis of the solvent. Here, we have followed up on these earlier studies by taking unfolding to completion and Table 1. analyzing not only direct urea-protein interactions but also the properties of the solvent to yield an atomic description of chemical denaturation.
Based on the results of our CI2 simulations in 8 M urea, urea-catalyzed denaturation occurred by a combination of direct and indirect mechanisms. First, water structure and dynamics were perturbed by urea, yielding weakened water-water interactions and decreased water diffusion. The water diffusion constants in 8 M urea at 60°C were similar to those of pure water at 25°C, which was entirely unexpected. Many of the early explanations of urea-dependent denaturation relied on chaotropic arguments: urea disorders water structure so that hydrophobic molecules are more easily solvated. Our previous studies of urea concentrations of Յ4 M are consistent with this idea (27) .
At high concentrations, such as described here, this effect on water is magnified and contributes to the ''chaotropic'' properties of urea and allows for easier solvation of nonpolar residues. Also, the hydrophobic effect increases with temperature (49, 50) , reflecting the increasing disparity between perturbed waters forced to align themselves around nonpolar groups (48) and those free to interact with bulk solvent. In 8 M urea, the hydrophobic effect is mitigated by the decrease in water dynamics at 60°C. In effect, the solvent environment is better able to solvate hydrophobic groups and the exclusion of nonpolar side chains from solvent offers little advantage; thus, the indirect effects of urea act to stabilize non-N of the protein, including the TS, thereby accelerating protein unfolding.
The second part of our model includes direct interactions between solvent and CI2, which are clearly evident in the simulations. Disruption of water structure by urea diminished the cohesion of the water, freeing it to be the primary denaturant early in unfolding, thereby providing a link between the direct and indirect mechanisms. The number of water-protein hydrogen bonds increased Ϸ50% from N to TS, with less of a change in urea interactions. However, urea also interacted directly with the protein, particularly after disruption of the secondary structure. The number of urea hydrogen bonds with the peptide backbone increased from TS to D, whereas water hydrogen bonds remained relatively constant, but there was considerable variability in these numbers. The increase in ''bound'' urea on unfolding is in agreement with estimates based on transition curves of Ϸ10-15 additional bound molecules (2) and the values of Makhatadze and Privalov (5) of Ϸ30 for proteins twice the size of CI2. The extent of interaction of the main chain with urea in the TS in the simulations (30-35% of the residues) is also in good agreement with estimates based on experiment (36%) (9) .
Solvent not only participated in specific electrostatic interactions with the protein, it also screened hydrophobic interactions. For example, residues comprising the edge of the hydrophobic core interacted with urea and water until stabilizing hydrophobic and hydrogen-bonding interactions were broken, which led to the influx of water and then urea to the hydrophobic core (Figs. 2 and 3). As the protein exposed more backbone atoms to solvent, urea interacted preferentially with these atoms and excluded water in the process, which is consistent with previous calorimetric (51, 52) , solubility (19) , and solvation studies (11, 53, 54) and recent work by Timasheff (10, 11) . Relative enrichment of urea around the protein has been observed in previous simulations (4, 22, 23) . Moreover, calculation of the local-bulk partition coefficient K p (the ratio of molal concentrations of cosolvent near the protein vs. bulk) from our simulations gives an average value of 1.2, which is in good agreement with experiment (1.1-1.4; refs. 7 and 8). The short residence times of urea around nonpolar residues (Ϸ4 ps) compared with polar residues (25 ps) supports the direct-interaction part of our model. Also, urea residence times were longer than those in water, in agreement with NMR studies (55) . The protein contained residual structure in the form of dynamic, native helical structure and hydrophobic side-chain clusters, in agreement with experiment (34) .
Conclusions
Simulations of CI2 in 8 M urea indicate that urea promotes unfolding by both indirect and direct mechanisms. Direct urea interactions consisted of hydrogen bonding to the polar moieties of the protein, particularly peptide groups, leading to screening of intramolecular hydrogen bonds. Solvation of the hydrophobic core proceeded via the influx of water molecules, then urea. Urea also promoted protein unfolding in an indirect manner by altering water structure and dynamics, as also occurs on the introduction of nonpolar groups to water, thereby diminishing the hydrophobic effect and facilitating the exposure of the hydrophobic core residues. Overall, urea-induced effects on water indirectly contributed to unfolding by encouraging hydrophobic solvation, whereas direct interactions provided the pathway.
